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This paper reports the results of a road pavement full-scale test track built by using stabilized bottom ash (SBA) from an
Italian municipal solid waste incinerator as the aggregate in granular foundation, cement-bound mixes and asphalt con-
cretes. The investigation focused on both the performance and the environmental compatibility of such mixes, especially
with regard to the eﬀects of mixing, laying and compaction. From the road construction point of view, the performance
related to the eﬀects of mixing, laying and compaction on constructability was assessed, as well as the volumetric and the
mechanical properties. Environmental aspects were investigated by leaching tests. The results suggested that SBA meets
the environmental Italian law for the reuse of non-hazardous waste and could be used as road material with the procedures,
plants and equipment currently used for road construction.
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Introduction
Disposal of municipal solid waste (MSW) is a crucial
aspect for proper management of both the environment and
territory, especially for countries with high population den-
sity. In this context, incineration of MSW has proven to be
strategic in the waste management process as it combines
the advantages of potential energy production and volume
reduction up to 90%.
Incineration products (bottom and ﬂy ash) must be
properly treated before landﬁlling to avoid health hazards
and pollution due to heavy metal leaching.[1,2] Generally
speaking, bottom ash (BA) and natural aggregates have
similar composition and BA reuse is a common practice in
civil engineering.[3–29] However, BA contains heavy met-
als and has variable mechanical properties, which hamper
extensive reuse.[30–36]
In this context, the investigation herein described is
part of a wider experimentation that focused on the use
of stabilized bottom ashes (SBAs) for road constructions.
In particular, a previous research at the laboratory scale
was aimed at optimizing SBAs content in mixtures used
as road materials.[37,38] This paper describes the results
obtained when the mixtures (granular materials for foun-
dations, cement-treated materials for subbase and asphalt
concretes for base and binder courses) were used in a full-
scale test track. The main goal of the research was to
evaluate both the performance and the environmental com-
patibility of the mixes, especially with regard to the eﬀects
of mixing, laying and compaction.
*Corresponding author. Email: sabrina.saponaro@polimi.it
Materials and methods
Materials
The SBAs were from a MSW facility in Lombardy (Italy).
The production process and the chemical composition were
described by Toraldo et al.[38]
SBAs had particle size up to 30 mm, 60% by weight
being <2 mm, and Los Angeles coeﬃcient (LAC) [39]
of 48%.
Other materials involved in the experimentation were:
• natural excavation materials as subgrade, with Cali-
fornia bearing ratio (CBR) [40] of 16% and optimal
moisture content [41] of 5%, to provide a homoge-
neous support for the structure;
• granular material for foundation (GF) containing
20% SBAs [37,38] in addition to lithic aggregates,
resulting in the sieve size distribution showed in
Figure 1;
• cement-treated subbase (CTS) with 10% SBA
[37,38] in addition to lithic aggregates (sieve size
distribution in Figure 1), 5% cement CEM II/B-LL
Portland Limestone of Strength Class 32.5R, based
on EN 197-1,[42] and 7% moisture content (on dry
aggregates weight basis);
• asphalt concretes for base and binder courses (here-
after named BaAC and BiAC, respectively), both
with 10% SBA replacing by weight the sand fraction
(Figure 1) and 4.0% of 50/70 pen unmodiﬁed bitu-
men, according to EN 12591.[43]




































Figure 1. Particle size distribution of GF, CTS, BaAC and
BiAC.







Due to the high value of LAC, SBAs were not used for
wearing courses.
Full-scale test track
The full-scale test track, constructed in the ﬁeld research
facility at the Road Research Laboratory, Politecnico di
Milano, was 20 m long and 3 m wide. The courses’ thick-
ness is reported in Table 1.
The test track construction (Figure 2) lasted seven
working days with technical periods (curing time) between
layers placing. The subgrade was compacted by 10 pas-
sages of a Smooth-Drum Vibratory Roller (20 t) in order to
achieve a density of 2100 kg/m3. The CTS laying was car-
ried out with an asphalt paver at 5 m/min. The compaction
procedure applied to GF and CTS was as for the subgrade.
A geotextile with a separation function was laid between
the conformed subgrade and the GF. The in-plan mixing
of asphalt concretes was performed at 160 ± 5 °C; laying
was performed at 150 ± 5 °C by using an asphalt paver at
2 m/min; the compaction process involved 10 passages of
a double steel Roller (10 t).
Experimental plan
The experimentation involved both road and environ-
mental tests in order to compare the performance of
the materials used in the construction of the full-scale
test track with those obtained during previous lab
investigations.[37,38]
Concerning road tests, samples prepared or measure-
ments taken in the lab on materials from the full-scale
test track are named TT Specimens or TT Cores, mea-
surements taken in the ﬁeld are named TT Field Test, the
results of the previous lab investigation are named Lab
Specimens.
As regards the GF, maximum dry density (MDD) tests,
according to the Modiﬁed Proctor method,[44] and CBR
tests, according to EN 13286-4,[40] were performed on
GF samples taken during construction. Moreover, the in
situ MDD was also measured, according to the Italian
speciﬁcations.[45]
For the CTS, specimens were prepared in the lab by
using both a Gyratory Compactor (GC, height to diame-
ter ratio: 0.5) at 100 gyrations, 30 rpm, vertical pressure of
600 kPa, angle of gyration of 1.25°, and a Proctor Hammer
(PH, height to diameter ratio: 2).[46] GC specimens were
used to carry out elastic stiﬀness (ES) tests under dynamic
conditions (pulse load at 2 Hz frequency and 100 kPa hor-
izontal stress) and indirect tensile strength tests (ITS).[47]
On PH specimens, unconﬁned compressive strength (UCS)
tests [48] were carried out. The tests were performed at
20 °C after a curing period of 3, 7, 14 and 28 days in a cli-
matic chamber (temperature of 20 °C and relative humidity
of 95%).
Constructability, volumetric and mechanical tests were
carried out on BaAC and BiAC layers. As regards con-
structability tests, both self-compaction (C1) and work-
ability (k) parameters were measured on specimens
compacted in the lab by GC at 100 gyrations [49,50]
using asphalt concretes taken from the mixing plant. Vol-
umetric characteristics (voids content – V, voids in the
mineral aggregates – VMA and voids ﬁlled with bitu-
men – VFB) of TT Specimens and TT Cores from
the test track (TT Cores) were measured according
to EN.[51]
The mechanical tests performed were ES [52] and ITS
at failure.[53] Fatigue tests, in control stress mode (400
kPa), were performed on TT Specimens and TT Cores,
resulting in the number of cycles at failure (CF). All tests
were performed at temperature of 20 °C.
Tests on TT Specimens and TT Cores were repeated on
samples previously soaked in water (15 days at 20 °C) or
exposed to 10 freeze–thaw cycles (24 h freezing at −10
± 2 °C and 24 h thawing at 20 ± 2 °C each freeze–thaw
cycle), in order to investigate bitumen/SBA adhesion under
water and ice aggression.[32,54,55]
The environmental compatibility of GF, BaAC and
BiAC TT specimens was assessed in term of leaching
behaviour. Leaching tests were performed according to the
UNI EN 12457-2 method,[56] as required by the Italian
regulation for reuse of not dangerous wastes.[57] The spec-
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Figure 2. Test track construction.
(a) (b)
Figure 3. Test results (maximum dry density – MDD, California bearing ratio – CBR) on GF.
a liquid to solid ratio of 10 l/kg for 24 h. At the end of
this period, the liquid solution was separated and analysed
to quantify the parameters of concern. The concentrations




Figure 3 shows the average results of tests on GF repli-




































MDD) are similar and the small diﬀerences between data
are to be ascribed to heterogeneity in the tested materials.
This is also conﬁrmed by the mechanical properties’ results
(i.e. CBR) that show similar performance for both kinds of
sample (lab or ﬁeld).
Cement-treated subbase
Figure 4 shows the average results of tests on replicates
of Lab Specimens and TT Specimens, as a function of
the curing time, and the maximum and minimum values
for each mixture as error bars. Both in the lab and in
the ﬁeld, mechanical performance (as ES, ITS and UCS)
increased with the curing time. TT Specimens proved to
be better (in the average) than Lab Specimens for all
parameters, though the dispersion of ITS and UCS data
was higher in the ﬁeld test. Moreover, UCS and ITS results
of both Lab Specimens and TT Specimens met the Italian
Speciﬁcations,[58] which require an UCS value between
2.5 and 7.5 MPa and a minimum ITS value of 0.25 MPa,
both obtained after seven days of curing.
Asphalt concretes
Figures 5–7 show the average results of constructability,
volumetric and mechanical tests on asphalt concretes and
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(a)
(b)
Figure 5. Constructability parameters (workability k, self-compaction C1) of asphalt concretes.
(a)
(b)





































Figure 7. Mechanical performance (elastic stiﬀness – ES, indirect tensile strength – ITS, cycles to failure – CF) of asphalt concretes.
the maximum and minimum values for each mixture as
error bars.
Constructability parameters (workability k and self-
compaction C1) of BaAC (Figure 5(a)) and BiAC
(Figure 5(b)) on Lab Specimens and TT Specimens were
quite similar, regardless of the origin of the samples,
though self-compaction of BiAC in the ﬁeld test was lower
than in the lab. Again, the dispersion of data from the ﬁeld
test was higher than data from the lab.
As far as the volumetric tests are concerned (voids –
V, voids in the mineral aggregates – VMA and voids ﬁlled
with bitumen – VFB), the results of TT Cores, TT Spec-
imens and Lab Specimens are shown in Figure 6(a) for
BaAC and Figure 6(b) for BiAC. The best performance
(low V and VMA, high VFB) was obtained at lab scale.
TT cores exhibited the worst performance, particularly for
BiAC mixture, probably caused by the working method
used in the ﬁeld, which was not able to guarantee a suitable
compaction of the mixture containing SBAs.
Figure 7(a–c) and 7(d–f) shows, for BaAC and BiAC
respectively, the average results of ES, ITS and CF
measurements on asphalt concretes (also after soaking
or freezing–thawing) and the maximum value and the
minimum value for each mixture as error bars. TT
Specimens had the best performance, because of the
higher homogeneity attainable with the in-plant mixing.
Conﬁrming the volumetric results, TT Cores exhibited
the worst performance, probably due to the compaction
method used in the ﬁeld. With regard to bitumen/SBA
adhesion under water and ice aggression, the performance
decreased especially after freezing–thawing cycles and
particularly in TT Cores, characterized by a high void con-
tent. Finally, as the compaction methods currently adopted
for road construction result in a decrease of both vol-
umetric and mechanical performance, other compaction
methods should be studied. At any rate, both the asphalt
concretes and the compaction methods described in this
paper could be used for low traﬃc roads.
Leaching behaviour
Leaching test results of TT specimens are reported in
Table 2, as the maximum value of duplicate samples
and, whenever possible, compared with those of the Lab
Specimens.
For many parameters (cyanides, beryllium, cobalt,
copper, mercury, nickel, selenium, vanadium, zinc and
asbestos), the concentration in the leachate was below the
analytical detection limit (DL) and far below the LV in all
lab and ﬁeld samples. For the other parameters (nitrates,
ﬂuorides, sulphates, chlorides, arsenic, barium, cadmium,
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Nitrates mg/l 0.1 50 0.1 0.1 0.4 0.4 0.2
Fluorides mg/l 0.05 1.5 0.17 0.34 0.09 0.13 0.06
Sulfates mg/l 0.1 250 60 5.6 10 1.7 6.3
Chlorides mg/l 0.1 100 10 0.9 0.9 0.9 0.9
Cyanides μg/l 5 50 * * * * *
As μg/l 0.5 50 4.4 * 2.7 * 4.0
Ba mg/l 0.1 1 * * * * 0.1
Be μg/l 1 10 * * * * *
Cd μg/l 0.1 5 0.1 * * * *
Co μg/l 1 250 * * * * *
Total Cr μg/l 1 50 9 2 2 * 2
Cu mg/l 0.01 0.05 * * * * *
Hg μg/l 0.1 1 * * * * *
Ni μg/l 1 10 * * 4 * *
Pb μg/l 1 50 * 1 * 2 *
Se μg/l 0.5 10 * * * * *
V μg/l 50 250 * * * * *
Zn mg/l 0.05 3 * * * * *
Asbestos mg/l 1 30 * * * * *
COD mg/l 5 30 * 5 * * *




– COD), results were above the DL in at least on sample,
but however far below the LV. Arsenic was detected only
in TT Specimens (GF, BaAC and BiAC). According to the
Decree, the pH value was in the acceptable range.
Conclusions
In this study, the performance and the environmental com-
patibility of road materials containing SBA were reported
and compared for lab and ﬁeld scale tests.
As far as road tests are concerned, the experimental
results showed that the investigated SBA can be used as
road material with the procedures, plants and equipment
currently used for road construction. Nevertheless, it is
necessary to deﬁne carefully the compaction procedures,
especially those involving bituminous layers. In fact, the
results showed a decrease in both volumetric and mechani-
cal performance using the compaction methods currently
adopted for road construction; more weight and number
of passages of roller compactors than those used in this
research (10 t and 10 passages) are suggested.
As regards the environmental compatibility, the mixes
fulﬁlled the Italian regulation limits for leaching behaviour,
with concentrations in the leachate far below the limit
values.
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